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EFFECTS OF SUSPENDED SOLIDS ON SELECTED 
ESTUARINE PLANKTON 


by 


J.A. Sherk, Jr., J.M. O'Connor, 
and D.A. Neumann 


I. EFFECTS ON SUSPENDED SOLIDS ON CARBON ASSIMILATION 
OF SELECTED SPECIES OF ESTUARINE PHYTOPLANKTON 


1. Introduction. 


Phytoplankton growth is usually measured in terms of photosyn- 
thesis (carbon uptake and oxygen evolution). This growth responds in 
a complex way to various single or combined factors. Some of the more 
important factors are nutrition, temperature, salinity, and light 
(Jitts, et al., 1964). 


The release of silt, clay, and fine sand-sized particles (organic 
and inorganic) into the water column is a dominant feature of bay and 
estuarine areas (Sherk, 1971). These releases may be caused by beach 
erosion, river contribution, storm agitation, dredging, and disposal 
of dredged material. An important effect of the resulting suspended 
load is reduced light penetration (by absorption, Raleigh small and 
large particle scatter), which limits the depth of water in which 
light intensity is sufficient for the rate of phytoplanktonic photo- 
synthesis to exceed the respiration rate. 


The experimental work investigating the effects of increasing 
concentrations of extremely fine silicon dioxide particles on the 
carbon assimilation of various monospecific cultures of phytoplankton 
grown at estuarine salinities is presented in this section. 


2. Materials and Methods. 


a. Culture. Cultures of phytoplankton were obtained from the 
Woods Hole Oceanographic Institution (WHOI) as follows: 


Name WHOT clone symbol 
Monochrysts luthert Mono 

Nannochtlorts sp. GSB Nanno 
Sttchocoeccus sp. GSB Sticho 
Chlorella sp. 0-10 


These cultures were grown in Guillard's £/2 medium (Guillard and 
Ryther, 1962) made with autoclaved (15 pounds per square inch; 30 
minutes) Patuxent River water which was previously filtered through 
sintered Whatman GFC glass-fiber filters. 


Stock cultures of each species were maintained in 50 milliliters 
of the f/2 medium (salinity range 5.5 to 7.5 parts per thousand) con- 
tained in 125-milliliter Erlenmeyer flasks either plugged with sterile 
cotton wads or tightly covered with aluminum foil. Cultures (1 
milliliter of stock) were transferred biweekly into fresh sterile 
(autoclaved) medium. No attempt was made to maintain axenic 
(bacteria-free) cultures. The cultures were checked periodically to 
(a) detect possible contamination by other species of phytoplankton, 
and (b) monitor growth rate of the stock (cells were counted at 100X 
on an improved Neubauer hemacytometer). Motile forms were fixed 
before counting with 6.5 percent glutaraldehyde (pH = 7.4) buffered 
with sodium cacodylate (0.14 molar). 


Cultures were grown at 20 + 0.5° Celsius under continuous cool 
white fluorescent illumination (0.8 x 10* ergs cm~2 sec7!) in a constant 
temperature incubator. Under these conditions, an exponential growth 
rate (Sorokin, 1969) of 0.35 to 0.40 day~! could be maintained for 
these species at cell concentrations between 5 x 10° and 5 x 106 
cells ml~!, 


Before starting an experiment, approximately 10 milliliters 
(depending on cell concentration) of stock culture in exponential 
growth phase were transferred into 1.5 liters of fresh, sterile (auto- 
claved) £/2 medium (enriched, filtered Patuxent River water) in 
sterile Erlenmeyer flasks (2-liter capacity). The increase in cell 
numbers under culture light intensity was monitored until a cell con- 


centration of approximately 50,000 cells ml~! was attained. The exper- 
imental run was then conducted with minimum dilution of these cells by 
fresh medium. This cell concentration (50,000 cells ml~!) may be 
representative of natural concentrations in certain areas of the 
Chesapeake Bay system (Flemer, 1972, personal communication). Carbon- 
12 concentrations during experimental work and in stock cultures were 
monitored by the method of Karlgren (1962) reported in Sherk (1969). 
Dissolved inorganic carbon concentrations were maintained at 15 to 20 
milligrams ¢ ,~1in cultures and experimental media. 


b. Sediments. A graded series of concentrations of silicon 
dioxide (Fisher No. S-153; see App.) was used for all assimilation 
experiments. 


c. Determination of the Saturation Curves. Saturation curves 
were determined for phytoplanktonic photosynthesis under the illumi- 
nation of six 40-watt cool white ‘fluorescent lamps. The light was 
passed through Pyrex infrared reflecting glass (Kaufmann Glass Company, 
Wilmington, Delaware) before reaching the Plexiglass top of a constant 
temperature shaking-type incubator. The light intensity recorded 
inside the incubator at the incubation bottle location was 1.45 x 10* 
ergs cm~* sec™!, All measurements of light intensity were made with 
a Y.S.1. Model 65A radiometer. 


Two sets Of six ground glass-stoppered bottles (130 + 1.5 milli- 
liters capacity) were used for each determination. These bottles were 
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previously washed in 0.01 N HgSOy4, rinsed twice with deionized glass- 
distilled water, and rinsed twice with filtered, sterile (autoclaved) 
Patuxent River water enriched with f/2 medium. Each bottle was filled 
with approximately 5 x 10% cells (differences between bottles could 
not be distinguished from counting error, p<0.1). 


Replicate pair of bottles was wrapped in black plastic window 
screen to attenuate light. The first pair was left unwrapped; the 
second pair was wrapped in one layer of screen; and the third, fourth, 
fifth, and sixth pairs were wrapped in 2, 3, 4, and 8 layers ‘of 
screen, respectively. 


After the bottles were filled with cells and placed within the 
screen layers, 1.0 microcurie NaHC!*03 (1-milliliter solution 
adjusted with NaOH to pH 9.5 in distilled water) was injected into 
each bottle with a Hamilton gas- eee syringe. For work with M. 
lutheri, . 10.0 microcurie NaHC!*03, was injected into each bottle. 
The syringe was rinsed once with water from each bottle after initial 
injection. The bottles were stoppered and incubated in the constant 
temperature (20° Celsius) shaking (2 cycles per second) incubator for 


4 hours under a light intensity of 1.45 x 104 ergs cm7? sec7!, 


After incubation, the replicate pairs of bottles were removed from 
the incubator. Carbon assimilation of the phytoplankton was deter- 
mined immediately by the acidification and bubbling technique of 
Schindler, Schmidt, and Reid (1972). Two 20-milliliter samples were 
withdrawn from each incubation bottle and placed into two short Allihn 
tubes (30-milliliter capacity) each containing 0.5 ml 0.1 N HCL to 
ensure complete stripping of dissolved inorganic carbon, Air was 
bubbled through the tubes for 20 minutes to remove the dissolved 
inorganic carbon. After bubbling, two 2-milliliter samples were with- 
drawn by pipet from each tube and placed into liquid scintillation 
vials. Fifteen milliliters of Bray's (1960) dioxane-base scintillation 
fluid were added to each vial. 


All samples were counted at 9° Celsius using a Packard Tricard 
3320 liquid scintillation spectrometer, After background subtraction, 
sample counts were corrected for quenching by an external standard 
quench curve constructed from counts of standard toluene carbon-14 
with increasing amounts (0 to 400 microliters) of chloroform in 15 
milliliters of Bray's solution. Counting efficiency of most of the 
samples was approximately 85 percent. Sample counts were averaged for 
each set of screens. Results are reported as gross counts per minute 
resulting from the carbon- ae ess tin Merce! per milliliter of sample per 
hour of incubation (cpm ml~? hr-? We 


Determination of Suspended Solids Effects, Two sets of 


assimilation experiments were conducted with each of the four phyto- 

plankton species exposed to graded concentrations of silicon dioxide. 

Both the assimilation effects and light saturation curves were deter- 
mined for each species on the same day. Monochrysis luthert was 


exposed to increasing concentrations (100, 250, 500, 1,000, and 2,250 
milligrams 171) of the silicon dioxide (Si05) particles with a median 
size approximately 17 micrometers. The other three species were 
exposed to graded concentrations (50, 100, 500, and 1,000 milligrams 
1-1!) of the SiO» particles with a median size of 6.2 micrometers (see 


App.). 


A slurry of Si02 particles was made up with filtered, sterile 
(autoclaved), enriched (f/2 medium) Patuxent River water before the : 
start of each experiment. A magnetic stirring device was used to main- 
tain the suspension. Concentration of particles by weight (milligrams 
17!) was determined by the dry weight difference between the average of 
three oven-dried aliquots (5 milliliters each) of the slurry and the 
average of three aliquots (5 milliliters each) of the enriched river 
water (salt correction). 


Fifteen glass-stoppered bottles, rinsed and washed as in the satur- 
ation curve determinations, were used for each experiment. Of these, 
five replicate pairs were light bottles. Each of these pairs had a 
corresponding dark bottle which had been wrapped with two layers of 
heavy gage aluminum foil. All bottles were filled with cells (approx- 
imately 50,000 cells ml~!) from the same culture flasks. Small amounts 
of the Si02 slurry were measured by volume (Oxford precision micropipet) 
and injected into the bottles (two light and one dark bottle received 
the same concentration) to make up the series of increasing Si09 con- 
centrations. The amount of slurry injected never exceeded 0.5 percent 
of bottle volume (130 milliliters). After approximately 1.0 microcurie 

NaHC!*03 was injected into each bottle with a gas-tight syringe dark 
bottles were completely wrapped and all bottles were stoppered. 


The rest of the procedure (incubation and isotope counting) was 
Similar to that of the saturation curve determinations with these 


exceptions: 


(1) Dark bottle counts (dark carbon fixation) were subtracted 
from the average of the light bottle samples after background 
subtraction and quench correction. 


(2) Results are reported as net counts per minute assimi- 
lated per milliliter per hour (cpm ml~'hr7!) during exposure 
to increasing concentrations of SiO. 


(3) The reduction in carbon uptake (expressed as percent 
of contrul) is reported at each concentration of Si0,. 


3. Results and Interpretation. 


a. Saturation Curves. The spectral quality of light is important 
in studies of photosynthesis (see action spectra in Jitts, et al., 
1964); however, there is no typical submarine spectral distribution 


because of the interactions of depth, the light attenuating proper- 
ties of seawater, and the conditions of the sky. Light of wavelengths 
greater than 6,500 angstroms or less than 4,000 angstroms may be miss- 
ing even in moderately clear coastal waters (Jitts, et al., 1964). 

No form of submarine light resembles the spectral distribution of un- 
filtered sunlight or the illumination from cool white fluorescent 
lamps. 


Light attenuation by the use of successive layers of black plastic 
screen provides a rough geometrical decrease in intensity. One 
screen layer approximately reduced the intensity to 59 percent of the 
experimental incident radiation with no screen, two layers approxi- 
mately attenuated the intensity to 40 percent, three layers to 28 
percent, four layers to 17 percent, and eight layers to 7 percent. 


The low light intensities used in culturing the phytoplankton 
experimentally are thought to be typical of upper to middle turbid 
areas of Chesapeake Bay tributaries at depths greater than 0.5 meter. 
These intensities were calculated roughly from our own water surface 
insolation measurements with the Y.S.1. radiometer and Flemer's 
extinction coefficients; conversion factors were according to 
Strickland (1958). 


Under the experimental conditions, a light intensity of 1.45 x 
10° ergs provided nearly optimal photosynthesis by M. luthert 
(Fig. 1). This value is approximately 41 percent of that reported 
by Craigie (1969) for this species. Our value is approximately 14 
percent of that reported by Jitts, et al., (1964) for optimal growth 
of this species at 19° Celsius, although their preconditioning 
intensity was roughly 4.55 x 10* ergs cm “ sec"! versus 0.8 x 10+ 
ergs em=2 sect! in our project. They also used enriched synthetic 
seawater with a salinity of about 29 parts per thousand compared to 
our filtered, natural Patuxent River water enriched with f/2 medium 
(salinity 5.5 to 7.5 parts per thousand). These data show that M, 
luthert can be acclimated to grow optimally under different labora- 
tory conditions. 


The saturation curves for Chlorella sp. (Fig. 2) and Nannochloris 

(Fig. 3) indicate that these species were close to light satura- 
tion also. Sttchocoeccus sp. is farthest from the light saturation 
plateau (Fig. 4). 


b. Effects of Suspended Solids. Carbon uptake of M. luthert 


(Fig. 5) progressively decreased with increasing concentrations of 

Si09. Nearly an 80-percent reduction in uptake occurred at 2,250 

milligrams 1 ~ SiO. (median size = 17 micrometers), Chlorella sp. 

(Fig. 6) showed a 90-percent.decrease in carbon uptake at concentrations 
of 1,000 milligrams 1 ! of <15 micrometers Si0> (median size = 6.2 

micrometers). Practically the same magnitude of reduction in carbon 

uptake occurred at concentrations of 1,000 milligrams 1-! of 15 
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Figure 6. The effect of increasing concentra- 
tions of silicon dioxide (all parti- 
cles <15 micrometers) on carbon 
assimilation of Chlorella sp. 


micrometers Si0, for the other two species (Figs. 7 and 8). The carbon 
uptake curves for M. lutheri, Chlorella sp., and Nannochlorts sp. were 


practically the same shape (Fig. 8) and were not linear. The peculiar 
shape of the Sttchococecus sp. curve (Fig. 8) supports the idea that 
photosynthesis for this species was light-limited even before exposure 
to concentrations of solids. 


These changes in carbon uptake support the relationships reported 
by Biggs (1970) for increasing suspended particle concentration and 
decreasing transmission of light in water determined with increasing 
concentrations of kaolinite (median size = 4.0 micrometers). The 
kaolinite concentrations decreased the light less than the same concen- 
trations of particles occurring in a natural water sample (median size 
= 1.9 micrometers). 


The effects of SiO» on M. luthert were less than for either 
Nannochtloris sp. or Chlorella sp. (Figs. 5, 6, and 7). However, M. 
luthert was exposed to a median particle size of 17 micrometers, as 
opposed to 6.2 micrometers for the other two species. Evidently, 
greater carbon uptake by M. lutheri was partly due to increased light 
transmission through the larger particles, although concentrations were 
identical for all species. A concentration of 2,250 milligrams I! SiO 
caused an 80-percent reduction in carbon uptake by M. luthert. At 1,000 
milligrams 1-1 this reduction was approximately 50 percent. For the 
other three test species in the finer SiO», at 1,000 milligrams el the 
the reduction was almost 90 percent. 


The motility of M. luthert must also be considered. As light inten- 
sity attenuated, this species could have moved toward the sides of the 
incubation bottles, i.e., nearer to the source of incident light. This 
movement might have contributed substantially to improved carbon uptake, 
although it was still much reduced at higher concentrations of SiQo. 


Regardless of particle-size distribution relationships, the reduc- 
tions in carbon uptake demonstrated for concentrations between 100 and 
500 milligrams 1-! are biologically significant with respect to the 
reduced energy available to filter-feeding organisms (see Section II). 
Concentrations of particles with similar size distributions are typical 
of those occurring during dredging and disposal operations (May, 1973; 
Masch and Espey, 1967) (see Table A-3, App.), resuspensions during 
storms, or as normal "high" background values in Galveston Bay (Masch 
and Espey, 1967) and Louisiana marshes (Mackin, 1961). 


An additional factor associated with dredging may be the release of 
organic matter and minerals into the water column which may be either 
beneficial and stimulate growth (Odum, 1973; Flemer, 1970) or detri- 
mental. The amount of material released (May, 1973) and the dilution 
rate is unknown. Nutrients, heavy metals, and pesticides can be 
released into biological pathways and be magnified in the trophic 
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assimilation of Stichoccoccus sp. 


structure of estuarine systems. No interference was anticipated or 
evident in these carbon uptake studies since we used relatively 
"inert" SiO) particles (see App.). Nevertheless, future work should 
research the effects of these factors in addition to the effect of 
light attenuation on productivity of phytoplankton species, groups of 
species, and natural populations. 


II. EFFECTS OF SUSPENDED SEDIMENTS ON FEEDING ACTIVITY OF 
THE COPEPODS EURYTEMORA AFFINIS AND ACARTIA TONSA 


1. Introduction. 


Suspension feeding estuarine organisms are exposed to high sus- 
pended sediment concentrations at times. Mechanical or abrasive 
action of suspended particles causes gill clogging, impairment of 
respiratory and excretory functioning, and reduced feeding effective- 
ness. In strongly agitated water a substantial part of the suspended 
Materials consists of fine sand, silt, and clay-sized particles which 
have been resuspended from the bottom. Considerable quantities of 
these inorganic (mineral) solids can enter the gut of filter-feeding 
aquatic organisms with particulate food. 


This section presents results of studies on the interference of 
suspended mineral solids and resuspended natural sediments with the 
feeding activity of the calanoid copepods Eurytemora affints and 
Acartia tonsa (typical Chesapeake Bay zooplankton). 


2. Materials and Methods. 


a. Zooplankton Cultures. Cultures of F. affinis and A. tonsa 
were made available for this project by Dr. Don Heinle and Mr. Joseph 
Ustach, Chesapeake Biological Laboratory, Solomons, Maryland. Cul- 
tures were held in a constant temperature incubator at 20° Celsius 
under constant cool white fluorescent illumination (0.8 x 10% ergs 
cm? sec™!) in Erlenmeyer flasks (2-liter capacity) containing 2 
liters of Patuxent River water (salinity range 5.5 to 7.5 parts per 
thousand) which was filtered previously through sintered Whatman GFC 
glass fiber-filter pads. 


The zooplankters initially were fed a mixed diet of the motile 
chrysophyte M. luthert and the bacillariophyte Phaeodactylum 
tricornutun. Cell concentrations of these_phytoplankters were main- 
tained within a range of 5 x 10° to 1 x 10° cells ml! in the 
zooplankton cultures. Erratic feeding rates during initial feeding 
experiments coupled with the "blooming" tendency of the P, 
trtcornutum in the zooplankton cultures caused the diet of these 
cultures to be limited to M@. lutheri, especially during the days pre- 
ceding a feeding rate experiment. 


Every third or fourth day, one-third to one-half of the water in 


each culture flask was replaced with new glass fiber-filtered 

Patuxent River water of the same salinity. At the same time addition- 
al phytoplankton cells were added to the zooplankton culture flasks 
to make up for (a) the amounts removed and dilution of the remaining 
cells with new filtered Patuxent water, and (b) the amounts grazed 
by the growing culture. 


Efforts were made to keep each culture in a state of rapid growth 
(exponential growth phase) so a constant supply of adults of both 
species (both sexes) would be available for experimental work. 

Acartta tonsa tended towards cannibalism when the adult population in 
each flask exceeded 20 to 30 individuals. As a result, the culture 
population would boom and crash unexpectedly. This necessitated main- 
tenance of this species in many culture flasks, and required close 
monitoring of adult populations, available algal food supply, and 
water quality. 


b. Phytoplankton Cultures, Cultures of the phytoplankters M, 
luthert and P, tricornutum were maintained in an exponential growth 
phase in filtered sterile (autoclaved) Patuxent River water enriched 
with £/2 medium as described in the previous section. 


c. Sediments. Some physical and chemical characteristics of 
sediment types used for experimental work in this section are pre- 
sented in the Appendix. The sediment types and concentrations used 
for each zooplankton species were as follows: 


Eurytemora affinis 
(1) SiO, (50, 100, 1,000, 10,000 milligrams igen 
(2) Sol eaaeast we SiO, (50, 100, 500, 1,000 milligrams 
(3) Fuller's earth (50, 100, 500, 1,000 milligrams 1 e 
(4) Natural sediment (50, 100, 250, 500, 1,000 milligrams 
Le 
Acartta tonsa 


(1) Sy Saiie GOmC ECE Si05 (50, 100, 500, 1,000 milligrams 
hace) he 


(2) Fuller's earth (50, 100, 500, 1,000 milligrams 1 !) 


1 


(3) Natural sediment (50, 100, 500, 1,000 milligrams 1S). 


d. Determination of Time to Maximum Ingestion. Feeding experi- 
ments were conducted using M, luthert labeled with carbon-14. Cell 


motility greatly reduced the need for shaking the incubation bottles 
during experiments. These studies measured the radioactive uptake 

by zooplankton that were not yet producing radioactive fecal material, 
The method is outlined in Rigler (1971) and was introduced by Nauwerck 
(1959) from a slightly modified technique originally used by Marshal 
and Orr (1955). This method eliminates three problems usually asso- 
ciated with feeding rate determinations: 


(1) It is suitable for measurement of feeding rates of organisms 
that do not produce coherent fecal pellets. 


(2) It eliminates the need for estimates of the leaching of 
tracer carbon out of fecal pellets. 


(3) It reduces the error associated with excretion of tracer 
carbon (some ingested food cells remain undigested at the 
end of the short-feeding period). 


Two ground glass-stoppered bottles (130-milliliter capacity) con- 
taining high cell concentrations of actively growing M, duthert were 
each injected with approximately 10 microcurie NaHC!*03." These — 
cells were incubated under cool white fluorescent illumination at 20° 
Celsius for 4 hours. After incubation the cells were centrifuged at 
6,000 revolutions per minute for 10 minutes. Supernatant water was 
decanted and the cells were resuspended in enriched, sterile, filtered 
Patuxent River water (Section I). The cells were then recentrifuged, 
the supernatant decanted, and the cells suspended a second time. This 
procedure removed most of the unassimilated dissolved inorganic 
carbon-14 and excreted fixed carbon compounds which had accumulated 
in the bottles during the incubation period. After the second resus- 
pension, cell concentration was counted at 100X on an improved 
Neubauer hemacytometer. The radioactivity of a 10-milliliter aliquot 
of this suspension was determined by the acidification and bubbling 
procedure of Schindler, Schmidt, and Reid (1972) outlined in Section I. 


During the phytoplankton incubation period, replicate pairs of 
ground glass-stoppered bottles (130-milliliter capacity) to contain 
the zooplankton during the feeding experiment were prepared. Each 
pair of bottles represented a specific time series interval of feeding 
activity for zooplankton exposed to radioactive phytoplankton cells 
(food). These intervals were 5, 10, 15, 20, 30, 45, and 60 minutes 
or longer depending upon the number of adults of either species avail- 
able for experimental use. Each bottle was rinsed twice with 0.01 
normal H»SO, to remove any carbon-14 from previous experiments, rinsed 
twice with deionized glass-distilled water, rinsed twice with filtered 
(Whatman GFC glass-fiber filters) Patuxent River water, and filled 
with 50 milliliters of the filtered river water (salinity range 5.5 to 
7.5 parts per thousand). 


Adult zooplankters (both sexes) of the species being investigated 
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were captured individually from the culture flasks in a minimum amount 
of water (usually less than 5 milliliters per individual). The captur- 
ing tool was a glass tube fitted with a rubber-suction bulb at one end 
for drawing the copepod into the tube. Ten copepods were placed in 
each bottle. Bottle volume was adjusted to 125 milliliters with water 
from the zooplankton culture flasks containing the phytoplankter mM, 
luthert. In this way, phytoplankton cell concentrations (not radio- 
active) in the bottles varied from 5,000 to 10,000 cells miler Zoo- 
plankters were allowed to feed on these cells for 0.5 to 1 hour before 
the start of the experiment. During this time they also became some- 
what acclimated to the environment of the bottle, 


The feeding experiment was initiated by injecting a volume of 
radioactive M. luthert cell suspension into one bottle of a replicate 
pair of bottles containing 10 zooplankters each. The other bottle in 
this pair received an identical volume of the radioactive cells 5 
minutes later. This cell suspension volume never exceeded 1 percent 
(1.25 milliliters) of bottle volume, but it was sufficient to provide 
a final radioactive cell concentration of close to 50,000 cells nll as 6 
Experiments were conducted at 20 + 2” Celsius under laboratory cool 
white fluorescent illumination (approximate intensity = 0.2 x 10% ergs 
cm “sec -). Feeding activity was terminated by pouring the contents of 
each bottle onto a stainless steel (type 304) wire sieve (325 mesh). 
The bottles were rinsed with 50 milliliters of Whatman GFC filtered 
Patuxent River water. This water was then poured through the sieve. 
Preliminary studies showed that this 50-milliliter rinse effectively 
washed away sorbed carbon-14 and any phytoplankton cells adhering to 
the zooplankters which were trapped on the stainless steel mesh. 
Immediately after rinsing, the sieve was placed under a dissecting 
microscope and the live zooplankters were removed individually by 
grasping an antenna with fine-pointed forceps. Each organism was 
placed into a separate liquid scintillation vial containing 1 milli- 
liter of Soluene-100 (Packard Instrument Company, Downers Grove, 
Illinois), a rapidly acting tissue solubilizer (quarternary amine). 
The vials were capped and digestion was allowed to proceed for at 
least 2 hours at room temperature. With practice all zooplankters 
(10 under optimal experimental conditions) could be efficiently re- 
moved from the sieve and placed into liquid scintillation vials within 
2 minutes of feeding termination. 


The zooplankters in successive replicate pairs of bottles repre- 
senting longer feeding time intervals were handled in exactly the 
same way (5-minute lag between bottles of a replicate pair). 


At the end of the digestion period, 15 milliliters of acidified 
Instagel were added to each vial. Acidified Instagel was prepared as 
a 1:9 (volume to volume) solution of 0.5 N HCl and Instagel (Packard 
Instrument Company, Downers Grove, Illinois). The vials were placed 
into a Packard Tricarb (Model 3320) liquid scintillation spectrometer 


and counted at 9° Celsius after allowing 24 hours for reduction of 
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chemiluminescence, an undesirable feature of this counting fluid for- 
mulation. After background subtraction, counts were corrected for 
quenching by an external standard quench curve constructed from 
counts of standard toluene carbon-14 with increasing amounts (0 to 
400 microliters) of chloroform in a solution of 15 milliliters of 
acidified Instagel and 1 milliliter of Soluene-100. Counting effi- 
ciency of most samples was approximately 88 percent. 


Results are graphed as average carbon uptake (counts min”? hr‘) 
of the 20 zooplankters in the paired replicate bottles (10 from each 
bottle) plotted against time from initial feeding. 


e. Determination of the Effects of Increasing Concentrations of 
Different Sediment Types on Zooplankton Feeding Activity at Time of 
Maximum Ingestion, Maximum ingestion (maximum uptake of carbon-14) 
of radioactive M. luthert cells (50,000 cells ml‘) at 20 = 2° Celsius 
under approximately 0.2 x 10 ergs cm sec. light intensity in a 
salinity range of 5.5 to 7.5 parts per thousand was 5 minutes for 
adult A. tonsa and 10 minutes for adult EZurytemora affints. 


Slurries of different sediment types were prepared and maintained 
as outlined in Section I, except that the filtered Patuxent River 
was not enriched with £/2 medium. Slurries of natural sediment were 
aerated to a light tan color before use in these experiments. This 
reduced the biochemical oxygen demand (BOD). 


Phytoplankton, zooplankton, and scintillation vials were prepared 
as in the preceding section with the following procedural changes: 


(1) For #. affints, replicated experimental sets with series of 
increasing concentrations were conducted with the two differ- 
ent size distributions of SiO, (see App.). Only one experi- 
mental run with Fuller's earth was made, but all bottles were 
replicated. Two experimental runs were made with natural 
sediment and only the controls were replicated. 


(2) For A. tonsa, two experimental runs with replicated controls 
were made with Fuller's earth and with SiO», (15 micrometers). 
Only one experimental run was made with natural sediment due 
to a shortage of adults. 


(3) The time course of the feeding experiments with increasing 
concentrations of each sediment type was 5 minutes for A. 
tonsa and 10 minutes for £, affints. 


(4) After the zooplankters were placed into the bottles and ac- 
climated for 0.5 to 1 hour as before, appropriate amounts 
(by volume) of sediment slurry were added by precision micro- 
pipet to successive bottles (pairs in some cases) to create 
an increasing series of sediment concentrations. The amount 
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added for maximum sediment concentration did not exceed 1 
percent of bottle volume. An appropriate volume of radio- 
active M. luthert cells was added by micropipet, as 
before, to each bottle to provide a cell concentration of 
50,000 cells ml. 


The natural sediments and mineral solids used were so fine-grained 
that no settling of particulate material occurred during the short 
time of the experiments. Therefore, bottles containing the zooplank- 
ton were not shaken. 


Preliminary work showed that the natural sediments and mineral 
solids used did not sorb carbon-14 counts that were significantly 
higher than background. 


Results are reported as the difference between the uptake in con- 
trol and sediment treatments and are expressed as a percent of the 
control value. The differences between carbon uptake in controls and 
sediment treatments were tested for significance by Student's "'t" 
test (Snedecor and Cochran, 1967). Values for individual zooplankters 
were coded and logarithmically transformed before testing was done. 


f. Determination of the Effects of Suspended Patuxent River Sed- 


iment (500 milligrams 1-!) on Zooplankton Feeding Activity witn In- 
creasing Time of Exposure. The procedure for this determination was 
identical with that used for the determination of time to maximum 


ingestion with these exceptions: 


(1) Replicate pairs of bottles were not used because of the ex- 
tensive time series (5, 10, 15, 30, 45, and 60 minutes; 1.25, 
Noa, LoS, 2, 25855 Zo, AsVS5 Sp SolsSg Sah, Sold, ema 4 
hours). Instead, two sets of bottles (one control and one 
sediment treatment), each containing 10 adult zooplankters 
were used at each interval in the series. 


(2) Sufficient natural sediment slurry was added to each sediment 
treatment bottle to make the concentration 500 milligrams 1. 
Radioactive M. luthert cells were pipetted simultaneously 
into a control bottle and its corresponding sediment treatment 
bottle for a specific feeding time interval. This procedure 
was continued throughout the time series of control and treat- 
ment bottle pairs. Bottle pairs for the long-time intervals 
were inverted every 15 minutes to maintain the particles in 
suspension, 


Results are reported as cells ingested per organism per day (cells 
org-tday-!). This daily rate (f) was calculated from the formula: 


f = C(Ro x 24) /(Re XanC)) is 


where 
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Ry = average activity (counts per minute) for zooplankters 
exposed to the sediment concentration for a given time, 


Re = average activity (counts per minute) of food cells (M, 
luthert) in 1 milliliter of suspension, 


t = feeding time in hours, 


c = average concentration of food cells per milliliter over 
the feeding periods. 


These values were plotted against feeding time. The differences 
between sediment treatment and control values at each feeding time 
were tested for significance with Student's "t" test after logarith- 
mic transformation. Sample counts per minute were corrected by back- 
ground subtraction and quench corrected from a curve constructed as 
before. This curve relates machine counting efficiency of standard 
toluene carbon-14 to counts of an external standard during addition 
of increasing amounts of a severe quenching agent (chloroform) to 
acidified Instagel-Soluene-100 liquid Scintillation counting fluid. 


3. Results and Interpretation. 


a. Time to Maximum Ingestion. The shortest time in which a food 
particle could pass through the gut of £. affints was demonstrated by 
a decrease in uptake of radioactivity for feeding periods in excess 
of 10 minutes (Fig. 9). These results are in good agreement with 
those of Heinle (1973, unpublished) who has noted formation of fecal 
pellets at 10 minutes after start of feeding for this species. Fil- 
tering rates for this species are lower than those reported for 
Similar organisms by Anraku (1964). This may have been caused by a 
decrease in the size of new generations of adults as the age of the 
cultures increased. 


The shortest time in which a food particle could pass through the 
gut of adult A. tonsa (Fig. 10) was 5 minutes. 


There are two inflection points in the feeding rate curve for the 
first hour of feeding (Fig 9). The first inflection point occurred 
between 0 and 5 minutes (Fig. 10). These inflections are similar to 
those reported by Bourne (1959) for Daphnia magna feeding on 60,000 to 
250,000 cells ml! of Chlorella vulgaris for 10 to 20 minutes and 
again for 40 to 55 minutes (Figs. 9 and 10), depending upon the cell 
concentration. Bourne's data demonstrated that the inflection of the 
carbon uptake curve at 40 to 55 minutes was associated with the onset 
of defecation following initial filling of the gut. 


McMahon and Rigler (1963) found that the initial peak represented 
filling of the oral groove of this species. This collecting rate 
was higher by about 5 percent than the actual ingestion rate. However, 
the total time of these types of experiments, i.e., the time between 
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Figure 9. Ingestion of radiocarbon-labeled Monoechrysts luthert 
by adult EZurytemora affints in water previously 
filtered through sintered Whatman GFC glass fiber 
filters. 


24 


400 


300 


200 


100 


Carbon Uptake (cpm/hr) 


Figure 10. 


RS 64,000 Cells/ml 


Z ~~ 
7 PS 
7 Se 
7 ~ 
Z ~ 
7 SK 
7 SA 
SO 


> 


57,930 Cells /ml 


10 20 30 40 50 60 
Time (minutes ) 


Ingestion of radiocarbon-labeled Monochrysts luthert 
by Acartia tonsa (adults, mixed sexes) at 20° Celsius 
in water previously filtered through sintered Whatman 
GFC glass fiber filters. 
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initial exposure of zooplankton to radioactive food and their removal 
from the water for counting, must be less than the time for gut passage 
as Sizable errors are introduced at longer intervals due to excretion 
and respiratign of carbon-14 (Rigler, 1971). We chose the 5- and 10- 
minute intervals for the two copepods to coincide with Heinle's (1973, 
unpublished) observations of pelletformation in these two species. 


b. Effects of Suspended Solids on Feeding Activity at Maximum 
Ingestion Time. Considerable quantities of inorganic material mixed 
with particulate food interferes with food ingestion by the copepods 
E. affints and A. tonsa. Additions of two different particle-size 
distributions of fine sand, Fuller's earth, and Patuxent River silt to 
cell suspensions of heavily labeled (NaHC!"03) M. Luthert (50,000 cells 
ml-!) significantly reduced the maximum ingestion rate of these cells 
by E. affinis at solids concentrations in excess of 250 milligrams 17! 
(Fig. 11, Table 1). At 100 milligrams 1~! concentrations of Fuller's 
earth a significant increase occurred. Somenonsignificant reduction at 
this concentration occurred for other particle types. 


The Patuxent River silt caused a greater reduction in ingestion 
of radiocarbon-labeled cells than other particle types over all concen- 
trations tested except at the low concentration of 50 milligrams 17! 
(Fig. 11, Table 1). The apparent enhancement effect of the silt at 100 
milligrams 1~! was smaller than for all other particle types. 


Acartita tonsa exhibited biologically significant reductions in 
ingestion at all concentrations of all particle types tested (Fig. 12, 
Table 2). The effects increased with increasing concentration. How- 
ever, with this species the effect of Patuxent River silt was lower 
than Fuller's earth or Si05 particles ( < 15 micrometers) except at the 
highest concentration (1,000 milligrams 17!). 


The differences in the shapes of the uptake curves may be related 
to the habitats of the two species. FEurytemora affinis typically 
occurs in upper, more turbid estuarine areas (Herman, Mihursky, and 
McErlean, 1968), where normally low concentrations of suspended solids 
may stimulate feeding. Low concentrations of suspended solids may 
indicate the presence of food to this species, and in turn stimulate 
the organism to begin feeding or to increase its feeding rate. 


Stimulation of pumping activity in the American oyster at low 
particle concentrations (Loosanoff, 1961), increased activity of 
Doltoltda and Salptda by the presence of suspended particles (Jorgensen, 
1966), and tripling of the ingestion rate of algal cells by Artemta sp. 
upon the addition of fine sand to the cell suspension (Reeve, 1963) 
lend support to our observations of the response of £. affints. This 
type of feeding response will increase the organism's chances for 
survival. 
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Figure 11. Reduction in maximum ingestion rate of adult Eurytemora 
affints feeding on radiocarbon-labeled Monochrysts 
luthert at increasing concentrations of Patuxent River 
silt, Fuller's earth, Si0,5, and <15 micrometers Si0o. 


27 


‘owes oy} ale sueaw Jey. AYt[tqeqoad = d 


< *so0"0>d *¢ 
siwnres "JUBITFIUSTS YON “Zz 
“saqnutu QT ut dn uaye. ainutu iad sapert o1e san[eA ueaW :9LON “to‘o>d -T 
eee eae =e SIS S ee Seen |[ee5 SaaSSESSSSce ZI) SS°T + 06°T o00‘oT 
ze "v9 ELUM Fees (tee Ssaoes 19° vs (81) 16°OT (61) sz*l = L£L°2 000‘T 
zULe PLPC oe SE=sS | Gesa == coos os sEcr yl de (4) OUS  W°EB ||. cece |leecose PScrp sess 00s 
¢6°0r S EDS || = S82. |i esece PSCSSSORSES soso srcrcccccecccrece- | ---- 0 | --------------- - 0sz 
eb "ze + RORSCOSSSSSSCS oS z9°2 (02) 9b°8T (61) 86°I + Oss Oot 
0"sz 3 BU°GD|| - ssc }lesececass Pero eZ OF (81) 91°91 (0z) L6°0 + 09° os 
0-0 (61) £¢°8p Fus'z%é |  ---- | ----- Seas ee 0°70 (81) 60°z (0Z) €2°I * OI ) 
z uny 
soosccsocceseseess || ccos *  4|| ccateseaccesaadss ---- 000‘OT 
tL°6L $ (oz) sz°t * ps°z 18°24 000‘T 
{I 8P ? (0z) 6b°2 + SL*P 16°1S 00s 
{itz $ Fee Fe Se Ss as ose 
zb°2Z ? (41) 69°2 # SE‘OT £892 (61) Ol oot 
pl Pe $ (st) 10°2 # Trot 162 (61) 69°IT os 
0-0 ? (61) ss°z + PI's 070 (81) SILT 0 


(To12uU03 jo (tozju02 50] (N) (To1}uU05 jo 


Ww 
+1 
>< 


(To1qu05 jo 


(ony eee coe eae (oar 3d 
rionpey tionpey uotqonpay rIonpey She) 
quautpas [einzeN yqaee s,1ap[ny ZQIS S1aqJowoIITM ST> Zots uorqerquasuog 


*squrffo puowez hung 
Aq 24243n1 sishayoouoy pataqe, ATaAt eotper Fo ayeqdn uo sadkq quautpas JUusTazFIp JO SuOTJeIJUSDUOD Butsea1dur FO Y2eFFqZ “1 STQEL 


28 


Carbon Uptake Reduction (percent ) 


100 


40 

—-—-— $102< I5pzm 
a Fuller’s Earth 
CACO] rip i res 7 TN A ali Hi Ni = ged ae Patuxent Silt 


100 500 1,000 5000 10,000 
Concentration (mg/1) 


Figure 12. Reduction in maximum ingestion rate of adult Acartia 


tonsa feeding on radiocarbon-labeled Monochrysts 
luthert at increasing concentrations of Patuxent River 
silt, <15 micrometers Si02, and Fuller's earth. 
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On the other hand, A. tonsa typically occurs in the open and less 
turbid waters in the Chesapeake Bay system. Apparently, this species 
is not stimulated to increase feeding activity by low particle con- 
centrations which may be uncharacteristic of its natural habitat 
(Herman, Mihursky, and McErlean, 1968). Because these species are 
nonselective suspension feeders, the much reduced uptake of radio- 
active phytoplankton observed with increasing concentrations of sus- 
pended solids can be accounted for simply by the ingestion of increas- 
ing numbers of unlabeled particles, since the gut of both species 
was full during all experimental treatments. 


Our results are not directly comparable with those of Wilson 
(1973). The plastic beads he fed to A. tonsa were optically sized, 
and particle uptake was measured according to size-frequency distri- 
bution. The median size (diameter) of food (M. luthert) particles 
used in our experiments was 8 to 10 micrometers (optically measured). 
This size is below the minimum bead size (13.9 micrometers) which 
Wilson found that A. tonsa ingested. However, as Wilson noted, the 
artificiality of his feeding study with plastic beads may have 
eliminated the variables of particle shape and palatability. 


Wilson (1973) demonstrated that the passive filtering behavior of 
A, tonsa could not account for the selection of a narrow, variable 
size range of plastic beads. However, passive filtering did exist 
because the minimum selected food size did not change with body size. 
This is typical of a process in which particles are not grasped 
individually, but are concentrated against closely spaced setae and 
are handled collectively. Bead sizes outside the selected range 
were ingested in the same proportion as they were present in the 
water column. Therefore, both selective grasping and nonselective 
filtering (taking all particles indiscriminately) were operating at 
the same time. 


The median sizes (Stokes' diameters) of sediments used are 
reported by weight and not by optical size-frequency distributions. 
These were: SiO, (17 micrometers), <15 micrometers SiO) (6.2 micro- 
meters), natural sediment (<0.8 micrometer), and Fuller's earth 
(<0.5 micrometer). These diameters are equivalent to those of a 
sphere with the same specific gravity which has settled through a 
column of water at some specified temperature. Since the Fuller's 
earth particles and those of the natural sediment were not spherical, 
there may have been a significant departure between values given as 
equivalent diameter (Stokes) and actual dimensions. In fact, the 
natural particle-size distribution of the Patuxent River sediment was 
destroyed before size analysis by the analytical procedure required 
to remove the large quantity of organic matter (approximate specific 
gravity 1.1) from the inorganic mineral particles (approximate 
specific gravity 2.6). In addition, both the natural sediments and 
the Fuller's earth formed fairly large agglomerates when suspended in 
saline water (microscopic observation). 
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The equivalent median diameters of the natural sediment (minerals) 
and the Fuller's earth could not be verified by the light microscope, 
since many of the particles were beyond the detectable size limits 
of that instrument. However, the particles of Si05 and Fuller's 
earth were subjected to particle population analyses using a Coulter 
Model T counter equipped with a 100-micrometer orifice. This counter 
verified our observations with the light microscope. 


The larger proportion of numbers of particles was present for both 
of these materials at Coulter volume sizes less than 8 micrometers, 
even though their median equivalent spherical diameter sizes (by 
weight) were different by a factor of more than 30 (<0.5 micrometer 
for Fuller's earth versus 17 micrometers for Si05). 


We have no evidence to show that selective grasping of particles 
was or was not occurring. However, reduced ingestion of food cells 
with increasing sediment concentrations, as demonstrated, supports 
the hypothesis that nonselective filtering occurred in our experiments. 


c. Effects of Patuxent Silt (500 milligrams 17!) on Feeding 
Activity With Increasing Time. The short-term feeding experiments 
for A. tonsa and FE. affints (5 and 10 minutes, respectively) were 
extended to 125 minutes (Table 3) and 240 minutes (Table 4) for 
exposure to 500 milligrams 17! Patuxent River silt. 


The decrease in the number of radioactive cells ingested during 
exposure to the sediment treatment stayed constant for as long as 
125 minutes. This reduction (77.5 percent) approximates the reduction 
in carbon uptake in Table 2 for 500 milligrams 1~! natural sediment 
(72 percent). The decrease in cell numbers filtered in both control 
and sediment treatment over the time of this experiment may indicate 
that cell concentration was becoming low enough to be a limiting 
factor. 


The feeding activity pattern of F. affinis (Table 4) under the 
500 milligrams 1-! sediment treatment is more clearly defined over the 
4-hour feeding period, excluding the serious errors of excretion and 
respiration of the carbon tracer (Conover and Francis, 1973). The 
control feeding activity peaked at 5, 45, and 120 minutes. Feeding 
activity with 500 milligrams 1-! silt added was more erratic than 
the control pattern but generally follows it and remains significantly 
depressed, An increase in activity at 3.75 hours was tested and was 


not significant. 


These data for sediment effects for exposures up to 4 hours lend 
support to our contention that these two species do not discriminate 
food from nonfood, The sediment treatment response may be indicative 
of the diluting effect of sediment on radioactive cell concentrations. 
Since the guts of these organisms were full even during the 4-hour 
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Table 3. Comparisons of feeding rates for Acartta tonsa (adults, mixed 
sexes) feeding on labeled Monochrysis luthert cells in clean 
water (control) and 500 milligrams 1-! Patuxent River silt at 


increasing time intervals. 


Reduction 
(percent of control) 


Time 
(minutes) 


xX + S.E.X N 


><! 


262,801 + 71,939 (9)} 60,906 
152,200 + 25,263 (9)} 22,522 


140,400 + 24,741 (9)| 31,644 
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Feeding rate (cells org”! day~!) 
Patuxent silt 


+ 


S.E.¢ N 
9,580 (9) 
4,635 (10) 


8,176 (10) 


Table 4. Comparisons of feeding rates for Eurytemora affinis (adults, 
mixed sexes) feeding on labeled Monochrysts luthert cells in 
clean water (control) and 500 milligrams 1-! Patuxent River 
silt at increasing time intervals. 


Reduction . Feeding rate (cells org”! day~!) 
(percent 
of 


control) 


Time 
(hours) 


Patuxent silt 


0.083 3,510,179 * 456,520 (10) 87,896 + 13,654 (8) 
0.167 1,125,181. + 350,339 (8) 143,447 + 30,666 (8) 
0.250 388,312 + 104,289 (9) 76,840 + 16,854 (9) 
0.50 Tel Se 54'S 0) ageliGy Siltoaa (9) 50),,007. 297,445. 1(9)) 
0.75 473,169 + 51,393 (9) 1,3;,9 01 292.5), 08)ma(O)) 
1.00 203,28: S8h = 557979) 39) 59,242 SPS 525568) 
Ne ZS 224,669 + 33,631. (10) 59,004 + 9,488 (8) 
1.50 268,712 + 52,840 (10) VORVUA = U574 (L0)) 
ods) 2M SIGS 2) SO ols. (LO) 46,269 + 15,460 (8) 
2.00 391,987 + 54,845 (9) AV == 5,087 (3) 
225 17, OS) 62,0), 208.m (8) 24,346 + 3,802 (8) 
2.50 LGR, OOG! 2 AL e77 — (B) 29,621 + 5,845 (10) 
BUS MOMS 7 28) ISAO CLO) 19); 404) 4) 3) 04 Suemtc)) 
3.00 MLEBZso 25 LY 5SS9) CO) 13,464 + 2,820 (10) 
3.25 103,008 + 12,695 (10) 47,282 + 8,649 (7) 
3.50 98,442 = 21,270 (10) 16,014 + 3,564 (9) 
56 1) 126,616 + 34,299 SIA as aS Oi@ (()) 
4.00 4 OS OOO 35 64,041 + 6,288 (10) 


Ihe SO 5 OO. 

2 W505 ¢ 

3. p<0.01. 

4. Not significant. 
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feeding interval for £. affinis and the 125-minute interval for A. 
tonsa, we believe that the reduced ingestion of cells (reduced cell 
filtering rate) was caused by the high numbers of sediment particles 
which filled the gut and not by any reduction in the water filtering 
rate by the copepods. 


Reductions .(approximately 50 to 60 percent) in numbers of cells 
ingested by zooplankton in the presence of suspended nonfood 
particles at concentrations which are typical of "high" normal back- 
ground level in Galveston Bay (Masch and Espey, 1967), storm agita- 
tion in the Chesapeake Bay, or during dredging and disposal 
activities, have important biological implications. The effects 
of a 50- to 80-percent decrease in energy flow from primary produc- 
tion to the secondary production level would have adverse effects on 
the nutrition and reproduction of zooplankton standing stocks as 
these are the food supply of the larval and juvenile stages of many 
important estuarine vertebrates and invertebrates. In addition, the 
extreme sensitivity of these juvenile stages to suspended solids has 
been demonstrated. 


Supporting evidence for these implications is provided by the 
work of Paffenhéfer (1972) who reported serious problems of nutri- 
tion, survival, and reproduction when Calanus helgolandtcus was 
exposed to suspensions of "red mud" (the residue, mostly iron oxide, 
after the extraction of aluminum from bauxite). Mortality of C. 
helgolandicus juveniles (copepodite) was not high (9.6 to 16 percent) 
even though they ingested these particles. However, the copepods 
were weakened and were not able to make their characteristic sudden 
escape movements because of reduced ingestion of phytoplankton cells 
when red mud was present. They ingested large quantities of 
particles, but did not obtain sufficient nutrient material to develop 
as well as did the control organisms. There was a reduced growth 
rate and lower weight in copepodite stages exposed to red mud. 

Ovary development in females was much reduced because of insufficient 
energy reserves. Energy reserves are stored as fat droplets in the 
female. None of the females exposed to red mud had fat droplets but 
most of the control females did (Paffenhdfer, 1972). 


These results and those of Paffenhofer do not lend support to 
Wilson's (1973) contention that selective feeding predominates in 
A. tonsa. Most probably nonselective feeding, i.e., taking all 
particles indiscriminately, does exist at high particle densities. 


TIT. SUMMARY 


Questions about the effects of suspended sediments on estuarine 
organisms arise when dredging is planned and environmental impact 
statements are prepared, It is difficult to assess the effects of 
particle size and concentration of suspended solids on estuarine 
organisms independent of, and in addition to, complicating factors 
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associated with natural sediments such as sorbed toxic metals and 
pesticides, high BOD, and high nutrient content. The objective in 
this study was to identify the biological effects of particulate 
mineral solids similar in size distribution to sediments likely to 
be found in estuarine systems but free of complicating factors, and 
to study the effects of natural sediments. This report presents the 
effects of suspended particles on carbon assimilation of four common 
phytoplankton species and on the feeding rates of two common 
copepods. 


Experimental concentrations are typical of those found in estua- 
rine systems during flooding, storm agitation, dredging, and dredged- 
Material disposal. 


Fine silica sand was added to cultures of the common phytoplank- 
ters M. luthert, Chlorella sp., Nannochloris sp., and Sttchococcus 
Sp., consequently reducing their carbon assimilation by 50 to 90 
percent, probably by light attenuation. 


Suspensions of Fuller's earth, fine silica sand, or natural sedi- 
ment caused reductions in the feeding rates of the two copepods 
tested. Concentrations greater than 250 milligrams 17! caused reduc- 
tions in the ingestion of radioactively tagged M. Lutheri by the 
copepods £, affinis and A. tonsa, Evidently, nonselective feeding, 
i.e., taking up all particles indiscriminately, does exist at high 
particle densities in these copepods. This results in reduced 
consumption of food particles which, if continued over a long enough 
period, could cause a serious break in the food chain. However, 
these experiments were designed to measure feeding rate and were not 
designed to measure stress on the copepods. Therefore, they cannot 
be used to predict the exposure time required to cause serious 
population depletion. 


36 


LITERATURE CITED 


AMERICAN SOCIETY FOR TESTING MATERIALS, ''Particle-size Distribution 
of Coating Clay," Publication No. T 649 su-68, Philadelphia, Pa., 
1968. 


ANRAKU, M., "Influence of the Cape Cod Canal on the Hydrography and 
on the Copepods in Buzzards Bay and Cape Cod Bay, Massachusetts," 
Limnology and Oceanography, Vol. 9, No. 2, Apr. 1964, pp. 195-206. 


BIGGS, P.B., "Geology and Hydrology," Special Report No. 6, Gross 
Physical and Biological Effects of Overboard Spoil Disposal in 
Upper Chesapeake Bay, Natural Resources Institute, University of 
Maryland, College Park, Md., 1970, pp. 7-15. 


BOURNE, N.F., "The Determination of Carbon Transfer from Chlorella 
vulgarts Beyerinck to Daphnta magna Straus, Using Radioactive 
Carbon (C14) as a Tracer," Ph.D. Dissertation, University of 
Toronto, Toronto, Ontario, 1959. 


BRAY, G.A., "A Simple Efficient Scintillator for Counting Aqueous 
Solutions in a Liquid Scintillation Counter," Analytical 
Btochemtstry, Vol. 1, No. 4 and 5, Dec. 1960, pp. 279-285. 


CONOVER, R.J., and FRANCIS, V., "The Use of Radioisotopes to Measure 
the Transfer of Materials in Aquatic Food Chains," Marine Btology, 
Vol. 18, No. 4, Feb. 1973, pp. 272-283. 


CRAIGIE, J.S., "Some Salinity-induced Changes in Growth, Pigments, and 
Cyclohexanetetrol Content of Monochrysts luthert,"' Journal of the 
Fishertes Research Board, Canada, Vol. 26, No. 11, Nov. 1969, pp. 
2959-2967. 


FLEMER, D.A., "Phytoplankton," Special Report No. 3, Gross Physical 
and Biological Effects of Overboard Spoil Disposal in Upper Chesa- 
peake Bay, Natural Resources Institue, University of Maryland, 
College Park, Md., 1970, pp. 16-25. 


FOLK, R.L., "Petrology of Sedimentary Rocks,'' University of Texas, 
Austin, Tex., 1974. 


GUILLARD, R.R., and RYTHER, J.H., "Studies of Marine Plankton Diatoms. 
I. Cyclotella nana Hustedt and Detonula confervacea (Cleve) ," 
Canadian Journal of Mterobtology, Vol. 8, No. 2, Apr. 1962, pp. 
229-239. 


HERMAN, S.S., MIHURSKY, J.A., and McERLEAN, A.J., "Zooplankton and 


Environmental Characteristics of the Patuxent River Estuary, 1963- 
1965,'' Chesapeake Setence, Vol. 9, No. 2, June 1968, pp. 67-82. 


37 


JITTS, H., et al., "The Cell Division Rates of Some Marine Phyto- 
plankters as a Function of Light and Temperature," Journal of the 
Fisheries Research Board, Canada, Vol. 21, No. 1, Jan. 1964, pp. 
139-157. 


JORGENSEN, C.B., Btology of Suspenston Feeding, Pergamon, New York, 
1966. 


KARLGREN, L., Vattenkemtska analysmetoder, Limnology Institute, 
Uppsala, Sweden, revised, mimeographed ed., 1962. 


LOOSANOFF, V.L., "Effects of Turbidity on Some Larval and Adult 
Bivalves,"' Proceedings, Gulf Cartbbean Fishertes Institute, Vol. 14, 
1961, pp. 80-95. 


MACKIN, J.G., "Canal Dredging and Silting in Louisiana Bays," Contri- 
butions in Marine Science, Port Aransas, Tex., Vol. 7, 1961, pp., 
262-314. 


MARSHALL, S.M., and ORR, A.P., "On the Biology of Calanus finmarchicus. 
VIII. Food Uptake, Assimilation, and Excretion in Adult and Stage V 
Calanus,'' Journal of the Marine Btologtcal Assoctation, United 
Kingdom, Vol. 34, No. 3, Oct. 1955, pp. 495-529. 


MASCH, F.D., and ESPEY, W.H., "Shell-Dredging - A Factor in Sedimenta- 
tion in Galveston Bay," Report No. 7, Center for Research in Water 
Resources Technical Report HVD-06-6702, University of Texas, Austin, 
Tex., Nov. 1967. 


MAY, E.B., "Environmental Effects of Hydraulic Dredging in Estuaries," 
Bulletin No. 9, Alabama Marine Resources, Dauphin Island, Ala., 1973, 
pp. 1-85. 


McMAHON, J.W., and RIGLER, F.W., "Mechanisms Regulating the Feeding Rate 
of Daphnia magna Straus," Canadian Journal of Zoology, Vol. 41, No. 
2, Mar. 1963, pp. 321-332. 


NAUWERCK, A., ''Zur Bestimmung der Filtrierrate Limnischer Plankton- 
tiere,"' Archiv fuer Hydrobtologte (Supplement), Vol. 25, 1959, pp. 
83-101. 


ODUM, H.T., "Productivity Measurements in Texas Turtle Grass and the 
Effects of Dredging an Intracoastal Channel," Contributions in 
Marine Science, Port Aransas, Tex., Vol. 9, 1963, pp. 48-58. 


PAFFENHOFER, G.A., "The Effects of Suspended 'Red Mud' on Mortality, 
Body Weight, and Growth of the Marine Planktonic Copepod, Calanus 
helgolandicus,'' Water, Air, and Sotl Pollution, Vol. 1, 1972, pp. 
314-321. 


38 


PERKIN-ELMER CORPORATION, "Analytical Methods for Atomic Absorption 
Spectrophotometry,"' Norwalk, Conn., 1971. 


REEVE, M.R., "The Filter-Feeding of Artemia. II. In Suspension of 
Various Particles," Journal of Experimental Biology, Vol. 40, No. 1, 
Mar. 1963, pp. 207-214. 


RIGLER, F.H., "Zooplankton," A Manual on Methods for the Assessment of 
Secondary Productivity tn Freshwater, IBP Handbook No. 17, Blackwell 
Scientific Publication, Oxford, 1971, pp. 226-265, 


SCHINDLER, D.R., SCHMIDT, R., and REID, R., "Acidification and Bub- 
bling as an Alternative to Filtration in Determining Phytoplankton 
Production by the 14- Method," Journal of the Fisheries Research 
Board, Canada, Vol. 29, 1972, pp. 1627-1631. 


SHERK, J.A., "Effects of Low Levels of Phosphate Mining Effluent on 
Periphyton in Controlled, Artificial Estuaries," Ph.D. Dissertation, 
North Carolina State University, Raleigh, N.C., 1969. 


SHERK, J.A., ''The Effects of Suspended and Deposited Sediments on 
Estuarine Organisms - Literature Summary and Research Needs," 
Contribution No. 443, Natural Resources Institute, University of 
Maryland, College Park, Md., 1971. 


SNEDECOR, G.W., and COCHRAN, W.G., Statistical Methods, 6th ed., Iowa 
State University Press, Ames, Iowa, 1967. 


SOIL TESTING AND PLANT ANALYSIS LABORATORY, "Laboratory Procedures," 
Cooperative Extension Service, Athens, Ga., 1970. 


SOROKIN, C., ''Growth Rate Measurements on Phytoplanktonic Organisms," 
Chesapeake Sctence, Vol. 10, Nos, 3 and 4, Sept. and Dec. 1969, 
pp. 313-321. 


STRICKLAND, D.J.H., "Solar Radiation Penetrating the Ocean; A Review 
of Requirements, Data, and Methods, with Particular Reference to 
Photosynthetic Productivity," Journal of the Fisheries Research 
Board, Canada, Vol. 15, No. 3, May 1958, pp. 453-493. 


TRASK, P.D., Recent Marine Sediments, 2nd ed., Dover Publications, 
New York, 1968. 


WILSON, D.S., ''Food Size Selection Among Copepods," Eeology, Vol. 54, 
No. 4, Summer 1973, pp. 909-914. 


39 


ITIS Wb egenoe ga ad mah heey! iden 
REAR EaAPT Si LOE BORE ane By ve pe) 
hay seal Bie I, | RNS) FES 

rte Fanienoyeue ink hdd 


Lhe OR cao ee Corinne 
te) 2 teed, | cs batalla iat PFE rectiew ! bi 


i 
Layee 


r 
aa rales, erty 


Log ee 9). Semen 


MAMAS, ) Wicked ee Vg a rn rie ‘ tis, Pete’ bale eae ee 
ive hede ebiren” ‘ect ts Sk Rs | ido ods rahoqainesaten 
Logg aoe Lar gay ghey haere: sel ah Mos tes7 lb) os ovetamessiAn | 
“dorroe ie pa eroalaye: ale Sip oddrags it boron SBE: pane 
MANE Lh td atta y ide es AAS REAR SOR Sree © tt ae? 
WADE RAST Ok PR a DT aie teen LMT AOR Saar, is a Mit seh oh 
Heth weer sy gittueh-ornivenw! Wo Blovok wate B798 
ahs lh ett Veni seutet Tete, iS inch  bakhoxss 
ARSHAVL OF ES 


) a the TEM 4 EH Se 
Vili: re oe ee ae 


Co = tt ihe, "pairs: vt ees bie! ii ats 
Kishen at teh marl ecteaest fib sy am My hie kre 
to ee Cas: Toa so anieate here § Yi 


4! 


bes 


Mi A Ws ESAT oe 
re ve bie Wied eine Ree: he i a 
ROS | Ge wh rene Faas jotha linn 
‘oe EMER an iN patet «BMT ‘® main ri eet es 


we dei ay “tcl siden MA x vid 
Wate 12) AO ere ee shiceuiesaipdiianien sites 


Pied “egy 2haG4 barn Lagos aT ho Syeemuyiere SISA 
5 SO 26 aes Feed gb ag8 cae Hoe A ders a ae 


+4 ( Dad Wey yaw mpiry hae donee eps 


s wi i 
er’ , § ee. Pv. ve! Uke eo) ne 
es Cie teens hs K a 


wOLyoR +. uaRdoD Ons Sms Ghana ot se tbng. win DEM 
vale deg wie Pe ied ty DONT. Hebe etek ee 
i Jiveniaker Suan habe Sgta? Mae 4) so baasty AONE a ao 
sSQbobSs aq) POR vat Gh: Ow sels a tov ‘ah 


i 


Z 


Mo atteod Tecmuaeee atobiod id pail ea raha 4 AES 
BE At ete tet ies ee LS A LL te 
CMteey TAR 6 iat ATS ae 


‘ 
k 


Ae io¥ yapoloed ”  AbaeTOD apg Ley hi dues 4 oon" 


ihe MIME AL wt PY, . ) Pea ON? © 
* 


tating Ny ee 


i frevbe Ve, en wt I ae ee Wit eel! 


1 aE, 


APPENDIX 
ANALYSES OF SEDIMENTS 


I. INTRODUCTION 


Experimental work during Project Years I and II used artificial 
(commercially available) mineral solids to provide base-line data for 
biological effects of (a) concentrations of solids, (b) different 
particle-size distributions, and (c) different mineral types of 
solids. 


Work during Year III concentrated heavily on the biological 
effects of naturally occurring sedimentary material which was 
collected by anchor dredge at Long Point (38°29'30"N., 76°39'45'W.) in 
the Patuxent River, Maryland. This material was stored in large 
polyethylene tanks prior to use in our experiments. The sediment 
surface was covered with a layer of water (salinity range 4 to 6 parts 
per thousand) to maintain natural ionic equilibria between the sediment 
and water, as would naturally occur in the Patuxent River. A micro- 
oxidized sediment layer developed at the sediment-water interface in 
these tanks after a few days of storage. 


This appendix contains the results of analyses which were per- 
formed on both the mineral (commercially available) solids and the 
naturally occurring sediments. Sediment characteristics measured 
were organic matter content (weight loss on ignition), inorganically 
bound heavy metals (atomic absorption analysis), and particle-size 
distributions (settling diameter analysis). 


The particle-size distributions presented in this appendix were 
determined in distilled water, and may represent the basic or funda- 
mental unit particles which can form aggregates with other units and 
be strongly bound by molecular and atomic forces. These composite 
units are stable under dispersion methods. Also, the basic particles 
may form agglomerates in saline water. These composites are relatively 
weakly bonded by electrostatic forces, surface tension, and '"'sticky" 
organic matter. 


II. MATERIALS AND METHODS 


1. Size Distribution. 


Artificial sediments (mineral solids) used in this study were 
Fuller's earth (Fisher No. F-90) and silica (Si0, Fisher No. S-135). 


Particle-size distributions of these materials were determined by 
the sedimentation method (American Society for Testing Materials, 1968) 


4l 


for paper coating clays. In addition, a finer particle-size distribu- 
tion of SiO, was generated from the commercially available Fisher No. 
S-135 by allowing these solids to settle for 25 minutes through a 
specified distance in a column of distilled water at 20° Celsius. The 
solids finer by weight than 15 micrometers were calculated to be 
remaining in suspension in this column of water from tables presented 
by Trask (1968) and from Casagrande's nomographic solution of Stokes! 
Law given in American Society for Testing Materials (1968). The sus- 
pended particles were decanted, oven-dried for 24 hours at 100° 
Celsius, ground fine with a porcelain mortar and pestle, and analyzed 
for size distribution by the American Society for Testing Materials 
(1968) method performed for the other mineral solids. This particular 
size distribution of Si05 particles (median size 6.2 micrometers) is - 
referred to in this report as <15 micrometers SiO, (actual analysis 
shows about 5 percent of the particles are >15 micrometers) (Fig. A-l, 
Table A-1). 


The natural sediments collected from the Patuxent River were 
analyzed by a procedure slightly modified from the above method. Pre- 
liminary work showed that this material was approximately 75- to 80- 
percent salt and water by weight. Appropriate triplicate) volumes of 
this natural material were removed from the holding tanks. These 
volumes were calculated to contain between 5- and 10-gram dry solids 
(inorganic). Also, these volumes were corrected upward for the amount 
(weight) of organic matter present (see method of analysis below). 
These quantities of solids were placed into large Pyrex beakers (1l-liter 
capacity) and an appropriate amount of 30 percent hydrogen peroxide 
(H209) was added to each beaker. The amount (volume) of H 02 (30 per- 
cent) needed to oxidize the organic matter present in the sediment was 
found to be a volume which would produce a final concentration of Hj05 
in the sediment volume of approximately 5 percent. The oxidation 
reaction was quite violent initially. The reaction was allowed to pro- 
ceed overnight in a hood with air bubbling slowly through the sediment- 
Hj09 mixture to remove the excess H)0o. 


The next day, when gas evolution had ceased, 750 milliliters of 
deionized glass-distilled water were added to each beaker. The sedi- 
ment was resuspended by stirring with a glass rod, and allowed to 
settle. The supernatant was decanted very carefully, and another 750 
milliliters of deionized glass-distilled water rinse were added to 
each beaker. 


A 0.2-milliliter sample of supernatant water was then taken from 
each beaker and the dissolved ion concentration of each solution was 
determined with the freezing point depression osmometer normally used 
in our hematological analyses. Salt concentration was read from a 
standard curve relating freezing point depression and osmolal concen- 
tration to sodium chloride (NaCl) concentration in mg kg! water. 

If the salt concentration was greater than 300 milligrams NaCl kg7! 
water, the suspension was allowed to settle, the clear supernatant 
was decanted, and an additional rinse of 750-milliliter deionized 
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1=SiO, (median size 17m) 

2 2=Si0, (median size 6.2m) 
3=Patuxent River Silt 
4=Fuller's Earth 


Percent Finer By Weight 


pm62.5 31.3 15.6 7.8 3.9 1.95 0.98 0.49 
Stokes Diameter 


Figure A-1. Particle-size distribution of sediments. 
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Table A-1. Particle-size distributions of artificial 
sediments used in this project. 


Si09 
(median size 
17 micrometers) 


Si05 
(median size 
6.2 micrometers) 


Fuller's earth 


(4) (1) (2) 
percent percent percent 
finer 


-0 a2 29 
94.2 69.9 36.9 
92°50 66.1 26.2 
90.0 50.9 16.9 
88.3 42.4 13.4 
85.8 S22 8.6 
80.0 26.1 6.8 
75.0 OS 4.3 
U0 8 15.3 SoS 
S855 Toe Del 

o dh of) 


NOTE: Percent finer = fraction (expressed as 
percent) finer by weight than Stokes' 
diameter D in micrometers. (Numbers 
in parenthesis refer to lines in 
Fig. A-1.) 
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distilled water was added to each beaker, The sediment was resus- 
pended and allowed to settle. The clear supernatant was decanted and 
the beaker containing the washed sediment made up to 500 milliliters 
with fresh, deionized glass-distilled water was placed into an ultra- 
sonic bath (45 Kilohertz) for 30 minutes. Then, the suspension was 
placed into a glass cylinder, made up to volume with deionized 
distilled water, and the analysis followed as described in American 
Society for Testing Materials (1968), except that the dispersing 
agent (Na,P 207) was not added. 


Values are reported as percent by weight remaining in suspension 
(percent finer than) plotted against equivalent spherical diameters 
according to Stokes' Law. 


2. Organic Matter Content. 


Samples of the natural sediment collected from the Patuxent River 
at Long Point were oven-dried for 24 hours at 100° Celsius, ground fine 
with a porcelain mortar and pestle, and ashed for 3 hours at 500° 
Celsius. Organic matter values are reported as percent loss of dry 
weight on ignition. There was no appreciable loss of inorganic 
carbonate during the ashing procedure as evidenced by nonsignificant 
weight losses of calcium carbonate (CaC03) samples which were ashed 
along with the oven-dried natural sediments. 


3. Heavy Metals. 


Amounts of extractable cations in the mineral solids and the 
natural sediment samples were determined with mild acid extraction and 
atomic absorption analysis by Mr. David Boon, Seafood Processing 
Laboratory, Crisfield, Maryland. Routine procedures for inorganically 
bound cations as described by Perkin-Elmer Corporation (1971) and 
Soil Testing and Plant Analysis Laboratory (1970) were conducted for 
zinc, copper, iron, manganese, lead, cobalt, nickel, chromium and 
cadmium. Mercury values reported are for total mercury from sediments 
digested for 1 minute in boiling aqua regia (Dow Method, CAS-AM-70.13, 
22 June 1970, revised, Chlorine Institute, Madison Avenue, New York, 
New York). Metal values are reported as mg kg~! dry weight of solids. 


III. RESULTS AND DISCUSSION 
1. Size Distributions. 


Particle-size distributions of the extremely fine mineral solids 
and natural sediment used in this project are presented in Figure A-1 
and Table A-1. Useful descriptions of these materials ranked coarsest 
to finest by median size are as follows: Silicon dioxide (Fisher No. 
S-153), median size = 17 micrometers, <2 micrometers = 6 percent; 
Silicon dioxide (all particles <15 micrometers, median size = 6.2 
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micrometers, <2 micrometers = 13 percent; Patuxent River silt (com- 
posite less organic matter fraction 11.5 percent of dry weight), 
median size = <0.8 micrometers, <2 micrometers = 72 percent; Fuller's 
earth, montmorillonite and attapulgite (Fisher No. F-90), median 

size = <0.5 micrometers, <2 micrometers = 82 percent. 


These data have been presented in such a way that graphic solu- 
tions (Folk, 1974) and mathematical calculations (Trask, 1968) can be 
used to determine the second, third, and fourth moments of these 
distributions. 


Additional size-distribution analyses for the natural sediments 
(by date of collection) are presented in Figure A-2 and Table A-2. 
Median sizes ranged from a high of approximately 1.1 to a low of <0.5 
micrometer (August collection). Fraction by weight finer than 2 
micrometers ranged from a high of approximately 82 percent to a low 
of 65 percent (August collection). These particle-size distributions 
of solids used in our work (Tables A-1 and A-2, Figs. A-1 and A-2) 
are comparable with those reported by May (1973) in the mudflow from 
a shell dredge (Table A-3). 


2. Organic Matter Content. 


Organic matter content of natural sediment samples tended to 
increase throughout the summer of 1973 from a low of 8.9 percent in 
June to values in excess of 11 percent in August and September (Table 
A-4). A c&parison of mean organic matter values (Table A-5) showed 
that these differences between earlier and later samples were signifi- 
cant. These differences may indicate significant importation of 
organic matter, which has settled out at Long Point, from marshes 
which line the shores of the Patuxent watershed, These organic matter 
values are as high as those reported by Masch and Espey (1967) for 
Galveston Bay. 


Organic matter analyses were conducted on the mineral solids. No 
Significant weight loss from ashing was detectable in the SiO, and 
Fuller's earth solids. 


Se Heavy Metals. 


The mineral solids contained metal amounts that were considered 
biologically insignificant (Table A-6). The values reported for 
Patuxent silt (collected at Long Point) are in the "natural" range 
of metal amounts found in similar estuarine salinity ranges by Huggett 
(Virginia Institute of Marine Science, 1973, personal communication) 
in the York, James, and Elizabeth Rivers which drain into the 
Virginia part of the Chesapeake Bay system. 
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Percent Finer By Weight 


Figure A-2. 


Collection Date ine 
14 March 1973 4-4 
12 June 1973 5-5 


27 August 1973 I- 
25 September 1973 2-2,3-3 


8 9 10 Wl 
3.9 195 0.98 0.49 
Stokes Diameter 


Particle-size distributions of natural Patuxent 
River silt samples (two replicate determinations) 
collected by anchor dredge at Long Point. 
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Table A-2. Particle-size distributions of representative natural 
Patuxent River sediment samples collected at Long Point 
during 1973. 


14 March 28 September 
(4-4) (5-5) (ole) (1-1) 


percent percent percent percent percent percent] D 
finer finer finer finer finer 
‘92 ; 4 ; ; : 3 : 


95.0 |4.8 os [1s 4. 
86.3 |3.4] 84.0 |4. Ox 
SOMO P26) |e 9h o So Ike 
Uso \\Ao9) Te oS) Ze 1. 
70.0 |1.5} 69.0 Ie 1. 
65.0 1.3] 67.0 1. ike 
62.5 1.2] 64.5 1. 0. 
55.0 LoO)| Oils. || dhe 0. 
SSS ||OWo9)|) SI65, | We - 
43.8 |0.7] 54.8 |0. 

---- ---| 47.4 |0. 


NOTE: Percent finer = fraction (expressed as percent) finer 
by weight than Stokes' diameter D in micrometers. 
(Numbers in parenthesis refer to lines in Fig. A-2.) 
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Table A-3. Particle-size percentage by weight of suspended solids 
in the mudflow from a shell dredge!. 


Size range (micrometers) 


62-39 38-19 18-10 9-5 
| (percent) | | (percent) | | (percent) | | (percent) | 


Meters from 
discharge 


4-2 
(percent) 


1. From May, 1973. 


Table A-4. Organic matter content of natural mud 
collected by anchor dredge from the 
Patuxent River (Long Point). 


Collection date | Sample | Organic content 
No. KOE er is 


1973 


17 June 


28 June 


14 July 


27 August 


18 September 
25 September 


WNHRFPBWNHRNFWNHR WNP 


he > (ke FS Ee SS FS > PS FS BS 


S2OLOLO LOLOL OrOoLorol OL Oro =a 
re, 0) OO) Oo) OOOO oO Oro @ © 
WN 
nN 
TS 
uw 


NOTE: Samples were dried for 24 hours at 100° 
Celsius, ground fine with a mortar and 
pestle, then ashed for 3 hours at 500° 
Celsius. Organic matter values reported 
are percent loss of dry weight on igni- 
tion. 
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Table A-5. 


Sample 
collection 
dates 
1973 


17 June 
28 June 
14 July 
27 Aug. 

18 Sept. _ 


1. Not 


Comparison of means of organic matter deter- 
minations by collection dates. 


Probability that sample means differ from 
previous means, 1973 


14 ean ail [ZUNE SS | 18 | 18 Sept. | 


F p<0.001 | p<0.001 | 
p<0.001 | p<0.001 
p<0.001 l 


25 ISepit. 


p<0.001 
p<0.001 


P<0.001 


Significant. 


Table A-6. Inorganically bound cations 
in artificial and natural 
sediment. 


El 


Patuxent silt 
(NGS 3) 


ement | Silicon | Fuller's 


lke {Rr lhe [RP 


Wooo Eo ood © 


NOTE: Extraction by 0.075 normal hydro- 
chloric-sulfuric acid (N HC1-H2S0,) 
and analysis by atomic absorption 
spectroscopy. Values are mg kg} 
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